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REPORT No. 51.

PART 1.

CAUSES OF FAILURE OF SPARK PLUGS.
By F. B. SmisBEE.

——;

RESUME.

It is the purpose of this report to collect and correlate a considerable amount of
information which has been accumulated at the Bureau of Standards for the National
Advisory Committee for Aeronautics during the past two years relative to the causes
of failure of spark plugs in aviation engines. It is hoped by defining the various types
of failure to clarify the spark-plug problem and to be of assistance to the manufacturers
in improving their designs. The characteristics of the ignition system used in aviation gasoline
engines are such that only a certain maximum voltage can be produced by the system even
on open circuit, and if the insulation between the spark-plug terminals is reduced the maximum
voltage is correspondingly reduced and no spark will occur if the insulation is too low. The
requirements which a spark plug must meet are, therefore,

1. The maintenance of a gap having a breakdown voltage of about 6,000 volts.

+ 2. The maintenance of an insulation resistance of at least 100,000 ohms

3. Practically complete gas tightness.

These requirements must be maintained under pressures of 500 to 600 pounds per square
inch while immersed in a medium which alternates rapidly in temperature between 0 and
2,500° C., and in an atmosphere which tends to deposit soot upon the surface of the insulator.
The various manners in which a spark plug may become inoperative may be enumerated as
follows:

1. Fouling with carbon deposit causing short circuit.

Fouling with oil deposit causing open circuit.

Breaking of the insulator.

Preignition.

Conduction through the insulator.

Electrical puncture of the insulator.

Minor trouble, such as warping and breaking of electrodes, etc.

Experience in the altitude laboratory at the bureau and authoritative information received
from France indicate that the first type of failure accounts for over 50 per cent of the trouble
encountered in practice, particularly at high altitudes; the third type of failure accounts for
nearly 40 per cent of the trouble; the second type of failure occurs quite frequently when first
starting an engine, but very seldom develops after the engine is once running. The other types
of failure are of relatively rare occurrence, but must be kept in mind in the design of spark
plugs, since departure from the conventional designs is very liable to produce one or another
of these types of failure.

In the report the cause and identification of each type of failure are described in detail
and where possible remedies are suggested. These remedies are unfortunately so conflicting
in character that no general conclusions can be drawn, and the design of a spark plug is in
every case a matter of balancing the opposing requirements to suit conditions in the particular
engine considered.

N ot o
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INTRODUCTION.

It is the purpose of this report to collect and correlate a considerable mass of data and
information which has been accumulated at the Bureau of Standards during the past two
years relative to the causes of failure of spark plugs in aviation engines. It is hoped by defining
the various distinct types of failure which are liable to occur and by indicating their relative
importance and, where possible, the remedies for them, at least to clarify the spark-plug prob-
Iem and to be of some assistance to manufacturers in improving their designs. Owing to the
fact that the various types of failure often require remedies which are conflicting in character,
only general conclusions can be drawn, and any design of plug must require a balance hetween
opposing factors, the relative importance of which depends upon the type of engine in which
the plug is to be used. _

The sources from which this data has been obtained are somewhat varied. There is at the
Bureau of Standards an altitude laboratory in which aviation engines are tested while in a
vacuum chamber, so arranged as to duplicate quite closely the conditions of operation in an
airplane flying at high altitude. Records have been kept of a large number of spark plugs
used in the engines which were being subjected to various tests in this chamber and the different
spark plug troubles whick occurred were noted. It is believed that the conditions of operation
at any given altitude in this test chamber are entirely comparable with those in actual flight,
but in studying the data it must be remembered that the proportion of the time at which the
engine was operated at various altitudes may be somewhat different from that occurring in
actual service in the field.

Laboratory tests have been made on a wide variety of plugs which are shown in the accom-
panying photographs. A description of the methods used in these laboratory tests will be
found in Part IIT of this report. The purpose of these tests was to measure certain propertios
(gas tightness, mechanical strength, etc.) of the spark plugs of each type and to form a basis
by which the relation between these various properties and the service performance could be
correlated.

Results have also been secured of some extensive studies made in France at various flying
fields of the American Expeditionary Forces on the performance of various French spark plugs
in a number of French aviation engines. This work was under the supervision of Licut. L. B.
Loeb, who had previously been a member of the ignition staff of the Bureau of Standards and
who was intimately familiar with the laboratory tests there conducted, and the data which he
has supplied can be directly compared with data obtained in this laboratory.

In addition to these three principal sources, numerous conferences have been held with
aviation officers and engine builders, as well as with spark plug manufacturers.

CONDITIONS OF OPERATION.

The usual type of ignition system used with gasoline engines consists essentially of an
induction coil, the primary current of which may be provided either from a battery or by the
motion of the coil itself in the field of & permanent megnet, as is the case in the high-tension
magneto. In either case, the essential features of the operation of this type of device are,
first, that with its secondary circuit open the voltage of the coil will build up to a certain definite
limit, approximately 10,000 to 20,000 volts; and, second, if the secondary is closed, either
through a shunting resistance or through a spark gap which is broken down and is permitting
the passage of a current of electricity, then the maximum current delivered by the secondary
of the coil is limited to a value of from 0.05 to 0.10 ampere. In many cases the maximum
voltage of the system is limited by a safety gap to a value somewhat less than the inherent
limit referred to above, which is fixed by the inductance and capacity of the circuit and the
current at “break.”’

The voltage required to produce a spark in the cylinder of a high-compression aviation
engine is approximately 6,000 volts. (For a discussion of the effect of the pressure and tempera-
“ture of the gas on this voltage, see Report No. 54.) Consequently, when the spark plug is
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clean, there is a considerable factor of safety. If the plug is shunted by even & very high
resistance, the maximum voltage reached is materially reduced and with a lower value of
resistance than about 100,000 ohms, the voltage may be insufficient to produce a spark. The
magnitude of the effect of a shunting resistance may be estimated from the relation that the
voltage across the plug previous to the passage of the spark is equal to the product of the
shunting resistance by the current flowing through it. Thus, for example, if the secondary
current of the coil is limited to 0.08 ampere and the shunting resistance is 50,000 ohms, the
maximum voltage available is only 4,000 volts and no spark will occur. The requirements of
the spark plugs are, therefore, to maintain a gap the sparking voltage of which does not greatly
exceed 6,000 volts, and to maintain an insulation resistance across this gap which is considerably
greater than 100,000 ohms. The plug must also be gas tight under the conditions of pressure
and temperature existing in the engine. . _

While much remains to be learned as to the conditions existing in modern aviation engines,
the pressures and temperatures met with are roughly as follows: The-pressure on the plug
alternates between a slight suction during the intake stroke and a pressure of 500 to 600
pounds per square inch during the expansion stroke. There is a considerable vibration of the
engine as a whole, which is at times sufficient to crack porcelain insulators. In rotary engines
the centrifugal force acting on any part insulators near the periphery may exceed 500 times
the weight of that part. The incoming charge of gas mixture during the intake stroke may
be several degrees below zero in cold weather or at high altitudes, while the flame of compressed
and burning gas which surrounds the plug during the expansion stroke may reach a temperature
of 2,500° C. These alternations of pressure and temperature occur with a frequency of about
15 cycles per second, and the fluctuations in temperature can not penetrate to any appreciable
depth in the insulating material of the plug. The resultant effect is that the inner end of the
insulator and central electrode reach an average temperature of approximately 900° C.; the
body of the insulator well up in the shell seldom exceeds 200° C.; and the shell itself is in
contact with a jacket containing water at 70° C. (Report No. 52 gives some data on tempera-
tures observed in spark plugs with brass and steel shells when operating in aviation engines.)

The various manners in which a spark plug may fail to operate under the conditions just
described may be enumerated as follows:

(1) Fouling with carbon deposit causing short circuit.

(2) Fouling with oil deposit causing open circuit.

(8) Breaking of the insulator.

(4) Preignition.

(5) Conduction through the insulator.

(6) -Electrical puncture of the insulator. _

(7) Minor trouble, such as warping and breaking of electrodes, etc.

DISCUSSION OF TROUBLES.

These classes of failure will be discussed in detail in the following paragraphs:

(1) Fouling by carbon deposits.—This trouble is due to the deposit of a layer of carbon
upon the surface of the insulator or to the formation of a cake of carbon immediately between
the electrode surfaces. This carbon is due to two causes: (a) The chilling of the flame by a
cool portion of the plug, which thus renders combustion incomplete. This effect is particularly
common when the mixture of gasoline and air is too rich in gasoline and is consequently of
frequent occurrence in operation at high altitudes in cases where the carburetor is not properly
compensated for the decrease in density of the atmosphere at those altitudes. .(3) The second
cause for carbon deposit is from the decomposition of lubricating oil which may be splashed
or sprayed on heated portions of the insulator. The lubricating oil itself is an electrical
insulator, and when it wets a layer of soot on the spark plug it tends, by surrounding each
particle of carbon, to make the entire mass an insulator. Gradually, however, such a deposit
chars under the action of the flame and becomes more and more conducting.
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In this process the oil acts as a binding material for the soot and also increases the rate
of deposition, because particles of carbon in the flame may adhere to the oily surface instead
of remaining in suspension in the flame and burning later in the stroke. The conduction
through the deposit thus formed seems to take place along a narrow path where the oil film
between the particles has been broken down by the electric stress rather than as a uniform
conduction over the whole surface of the insulator.

This trouble seems to be the most frequent source of failure of spark plugs. Records
kept in the altitude laboratory show over 50 per cent of the spark plug troubles to be due to
this cause.

The reports from France also corroborate this statement. As would be expected, the
trouble is more serious at high altitudes than at low, and seems to occur more readily with
mica than with porcelain plugs. This is probably due to the somewhat rough surface of the
mica, which causes the carbon to adhere more readily.

While the engine is in operation, such fouling causes misfiring of the cylinders, or, in case
there are two plugs in one eylinder, one of which remains clean, there is merely a slight loss in
engine power. On removing the plugs from the cylinder a heavy deposit of carbon is at once
evident. It should be noted that spark plugs may appear very black and heavily scoted and
yet show a high resistance, owing to the fact that the carbon particles are not in direct contact
but may be insulated with a film of oil. After long use porcelain insulators frequently take on
a film of reddish-brown color, which, however, does not tend to short circuit the plug and which
must be distinguished from fouling with carbon.

The possible remedies for this type of failure lie (a) in improving the design of the plug
() in improving the carburetor system, and (c¢) in modifying the ignition system.

(a) The insulator of the spark plug may be so shaped by the use of petticoats, ridges, ona
long conical projection that a portion of this surface operates at a very high temperature.
With this arrangement all carbon deposit is burned off during the early part of the combustion
of the charge, while the gas in the cylinder still contains an excess of oxygen. This type of
construction is particularly useful in engines which are well cooled, but in engines which are
very hot and of high compression normally, this construction may tend to cause preignition.
An alternative method of design is shielding the insulator with a metal baffle plate, which pre.
vents the access of oil and its resulting carbonization. This is useful in engines in which a large
amount of oil is used, or in which the plug is so located as to be particularly exposed to a spray
of oil. With this construction, however, there is usually little opportunity for a carbon deposit
to be burned off, and if such a plug happens to become fouled at light load or high altitude, it
will not come back into service at full load or low altitude.

() Itis probable that the development of new types of carburetors which is now in progress
will greatly reduce the occurrence of excessively rich mixtures in planes flying at great aititudes
and will thus tend to reduce this source of trouble.

(¢) Certain special types of ignition systems have been devised which are particularly
suited for firing plugs which are shunted with a fairly low resistance. The usual arrangements
of such systems is to connect an auxiliaryspark gap in series with the spark plug. (A discus-
sion of the use of such systems will be found in Report No. 57.) With deviees of this type,
it has been found possible to produce regular firing in an engine in which the plugs were
deliberately fouled so as to have an insulation resistance of only 5,000 ohms.

(2) Fouling with oil.—This trouble occurs in cases where the lubricating oil forms & coat-
ing over the surface of the electrodes or forms an actual drop between the electrode points.
Since the breakdown strength of oil is several times that of air, the voltage reuired to produce
a spark under these conditions is very greatly increased and may exceed the voltage which the
ignition system is capable of delivering. If the insulation of the spark plug is at the same time
omewhat reduced by the presence of soot, the maximum voltage which the system will give is
correspondingly reduced.

This trouble usually occurs when there is an excessive amount of lubricating oil in the
sylinder and this condition arises most frequently on starting an engine when it has been turned
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over several times with no flame in the cylinder which might serve to burn off the film of oil.
The condition is also met with when the plane is recovering from a long glide, during which
the engine was turning over slowly and pumping oil into the cylinders. This trouble is par-
ticularly annoying to mechanics in charge of aviation engines, since it occurs at starting when
they are working on the engine, and it frequently gives a bad reputation to an otherwise good
plug. It is rather rare, however, that the trouble arises in an engine after it has once been
started. The trouble may sometimes be identified by the firing of the magneto through its
safety gap, thus indicating that the voltage required to pass g spark at the plug is greater
than that required to break down the safety gap. On removing the plugs from the engine
when failure has occurred from this cause they will be found wet with fairly clean oil.

The remedies for this trouble are found in modifying the design of the electrodes. A
number of shapes have been used as shown in the photographs, which serve to drain the oil
away from the spark gap by capillary forces. Experience with various French plugs has indi-
cated that this trouble occurs most frequently in plugs in which one electrode consists of the
wall of the spark plug shell as in the Ponsot, Joli, and Rudex plugs.

The trouble is, of course, reduced by avoiding excessive amounts of lubricating oil in the
cylinders and by occasionally opening the throttle of the engine while making long glides and
thus burning out the accumulated oil before the amount has become excessive. This pro-
cedure is common practice. Certain types of high frequency ignition systems have been devised
which are capable of giving a much greater voltage than the ordinary types of system, and
with these the trouble from oil fouling would probably be much reduced. None of these
systems is at present in common use so that no field experience is available.

() Oracking of insulator.—Any crack in the body of the insulating material rmay permit
the passage of the spark from the central electrode to the shell in such a location that it does
not cause ignition of the explosive gas mixture. The thickness of the insulating wall in many
plugs is so great that a spark will not pass directly through a clean crack in the insulator and
the engine may run for some time even when the plug is badly cracked. In time, however,
the-cracks in the interior of the plug become filled with carbon from the flame and will finally
conduct sufficient current to prevent sparking at the electrodes. Of course, any broken pieces
of porcelain which may be cracked from the insulator are very detrimental to the engine.

The factors which may cause cracking are several. The mean temperature gradient from
the hot inner end of the insulator to the relatively cold shell causes the hotter portions of the
insulator to expand to a greater extent than the cooler, and sets up stresses in the insulator
itself which may cause cracking. Such cracks are particularly likely to originate where there
is a sudden change in diameter of the insulator, as at the shoulder. Also if the metal parts are
so placed that their greater expansion tends to produce pressure on the relatively less expansible
insulator, cracks may occur as a result. It is probable that in some cases actual drops of rela-
tively cool lubricating oil may strike the hot parts of the insulator and by suddenly chilling
them cause cracks. There seems to be good evidence that in some engines the mechanical
vibration of the engine as a whole is sufficiently rapid and intense to break the porcelain from
purely mechanical causes. Such breakage often occurs in the outer part of the porcelain at the
plane of the bushing or crimping. An impact testing machine has been constructed at the
Bureau of Standards in which the spark plug under test is screwed firmly into the side of a
steel block which is arranged to strike repeatedly against a steel anvil. The velocity of the
block and plug at the instant of impact is about 200 cm. per second and the blows occur at the
rate of 300 per minute. (For details of this machine, see Part III.) Certain types of plugs
which gave trouble from cracking in service, also cracked when tested in this impact machine,
the location and character of the crack, though different for the different types of plug, being
the same in both the engine and laboratory tests for a given type. Since no heat was applied
in the laboratory tests, it seems probable that the mechanical shock was the main cause of
cracking in these cases.

There is also a considerable breakage of plugs due to accidently StI‘lklIlO‘ them Wlth a wrench
or other tool when inserting them in the engine.

152678—20-—2
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In the Bureau of Stendards’ laboratory approximately 40 per cent of the failures which
occurred with porcelain plugs were due to cracking of the insulator. The reports from France
indicate that considerable trouble has been experienced from this cause, and that as a result
mica plugs are much more popular, and only a relatively small proportion of porcelain plugs
are now used in that country. A plug which has failed in this manner usually shows continuous
misfirings, although in the case of & small crack the missing may be irregular. On removal of
the spark plug, the crack may often be located by the grating sound heard when the plug is
strained by the fingers, in cases where no crack is visible at the surface.

Mica, plugs are, of course, practically free from this source of trouble and the most obvious
remedy with porcelain plugs is to use a material which shell combine at the same time a high
mechanical strength, a low modulus of elasticity, a low coefficient of thermal expansion, and a
high thermal conductivity. During the past two years very considerable progress has been
made by a number of porcelain manufacturers in developing insulating materials which are
superior in these respects to those formerly used. (Report No. 53, Part III, contains a deserip-
tion of a development of one of these types which was carried out at the ceramic laboratory of
the Bureau of Standards.)

Certain plug designers have endeavored to avoid trouble from this source by making their
insulator in two or more pieces as is done in the Pognon and Duffy spark plugs. In these plugs
the innermost porcelain attains a relatively high temperature and expands correspondingly
while the outer pieces are cooler and expand only slightly. The passage of a spark between the
central electrode and the shell through the joint between the porcelain sections is prevented by
a wrapping of mica around the interior of the shell and around the electrode, respectively. It
is, however, very difficult to make plugs of this type gas tight.

In plugs in which the central electrode is cemented in the porcelain throughout the greater
part of its length, it is essential that the diameter of the electrode be kept small in order that
the total amount of its thermal expansion may be taken care of by a yielding of the cement
without setting up excessive strain in the inclosing porcelain. Closed-end plugs serve to reduce
the trouble from the spraying of drops of cold oil upon the hot insulator, and the resulting
splitting off of bits of porcelain. They also tend to prevent any broken pieces of porcelsin from
getting into the engine cylinder. '

Breaking of the insulator by the mechanical vibration of the engine seems to be materially
reduced if the insulator is cushioned by a considerable thickness of packing material, such as
asbestos, placed between the shoulder of the insulator and the bushing. The plugs in which the
edge of the shell is crimped over the shoulder of the insulator, commonly called the one-picce
type, have given considerable trouble from cracking of the porcelain at the edge of the shell.
This effect seems to be due in part to the rigid connection between the shell and the porcelain,
which transmits the mechanical shock of the engine without any cushioning, and in part to
stresses set up in the porcelain by the shrinking of the metallic shell after it has been heated
during the process of crimping. These troubles can be materially reduced by proper design of
the tool used in making the joint. Variations in the proportions of the plug make & decided
difference in its resistance to breaking from mechanical shocks. Two extreme types of design
are illustrated in plugs 74 and 76. Though these were both of the same material, the long and
slender porcelain gave decidedly more trouble from this cause.

4. Preignition.—This trouble, when chargeable to the spark plugs, is the result of too high
temperatures occurring at some part of the plug, either the tip of the insulator or end of the
electrode, or other small projection, resulting in ignition of the charge in the cylinder before the
end of the compression stroke. Preignition may occur from several causes not connected with
the spark plugs, as for instance, from overheated portions of the combustion chamber, such as
hot exhaust valves, from hot points or flakes of carbon or other material lodged in the cylinder
and heated by compression of the charge adiabatically to a temperature where ignition occurs
spontaneously. There is probably a definite relation between the maximum compression
pressure and the tendency to preignite from hot points,since the higher the compression the more
readily is the charge ignited.
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TYPES OF $PARK PLUGS SUBMITTED FOR TEST.

[Foreign plugs are of French manufacture unless otherwise stated.]

1, Ruillet.

2, Oled ébrass).

3, Oleo (steel).

4, Frigo.

5, Lodge (British).
6, Pola.

7, Conill.

8, 0. L. M. (Italian).
9. Renault.

10, Aris.

29, Sharp (Ponsat type). -
30, Sharp éKopper King).
31, Sharp (Goliath).

32, Sharp (motoreyele).

33, Sharp (closed end).

34, Herz (Steatite).

35, Herz (Ponsot).

38, Herz (Steatite).

37, Stewart (V-ray).

10—1

11, L’As.
12, L’As.
13, Ecle.

‘14, Eele.

13, Rudex.

16, Rudex.

17, Benoist.

18, Leda.

19, Eyquem.

20, R.eV
AMERICAN PLUGS.

38, Anderson (hollow core).

39, Anderson (ring insert).
40, Anderson (closed end).

41, Anderson (hollow end).
42, Anderson (ridged end).

43, Anderson éﬂpsh end).
44, Anderson (nipple).
43, Reflex (Baby).

46, Auburn (Wright).

21, R.eV.

22, Serb.

23, Pognon.

34, %oly.(r )
25, Fert (Eyquem).
26, D. A. D.

27, Oleo (Proc.).

28 A. C. ¥, (Ifalian).

47, Mosler (Le Rhone).
48, Mosler.

49, Moslel (s;)itﬁre.).

50, Mosler (Vesuvius).
51, Mosler (Vesuvius).
52, Red Head (Big Boy).
53, Red Head.

54, Bosch E.-\mencan).
55, Bosch (German).




50, Bethlehem (de lnxe).

57, Bethlehem (Ponsot).

38, Bethlehem (aviation).

59, Bethiehemn (Bugatti).
i o

6, "

2, "

#3, Dutly (air line).

i4, Dutly (3-piece).

#3, Champion (small).

64, Champion (aviation).

07, Champion (Liherty).

6%, Chamnpion (X).

69, Champion.

70, Titan.

71, Tltan.

72, Titan,

10)—2

TYPES OF SPARK PLUGS (Continued).

73, Titan.

74, Rajah (long porce).
75, Rajah (closed end).
76, Rejah (open end).

77, Rajah (short porce}.
78, $plitdor{ (mica top).
79. 8plitdorf (Le Rhone).
$0.8Splitdorf (Le Rhone).
81, Splitdorf (open end).
32, Splitdorf (Ponsot).
43, Allinity,

&4, Sullivan.

#5, Siebert.

S6, St. Louis (Valve).

o

87, Benford (Golden giant).

89, Minogue.
90, Corning.

9L, Benton.

92, Hercules,

03, Hercules.

94, Walden-Worcester.
95, Randall,

96, Pittsfleld.

97, Expruss,

08, Camphell.

99, National.

100, Johns Manville.
101, Latch.

102, Reliance.~

103, Anchor.

104, Liberty.

103, Comet.

106, Berkshire (Pore.).
107, Berkshire (Mica).




119

124

103, Herz.
109, Fert.
110, R.e V.
111, Pognon.
112, Joly.

10—3

CROSS SECTIONS OF TYPICAL SPARK PLUGS.

113, A.C. F.
114, Minogue.
115, Anderson.
116, Bethlehem.
117, Bugatti.
118, Titan.

119, Bethlehem (de luxe).
120, Splitdorf.

121, Buffy (3-piece).

123, Bufly (air line).

124, Bosch (German)
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The importance of this cause of trouble seems to have been somewhat overestimated. It
has been observed only in rare cases in the engines tested at the Bureau of Standards, and re-
ports from France show it to be of minor importance. In cases where the spark plugs are
leaky and are consequently unduly heated by the passage of gas through them, temperatures
which will cause preignition, however, may often be attained. The danger of preignition,
moreover, limits the extent to which the design of spark plugs can be modified in the direction
of maintaining high temperatures, and prevents the use of otherwise desirable designs which
would operate at such high temperatures as to insure the burning off of the deposits of carbon.

Definite identification of this source of trouble is quite difficult without the use of an engine
indicator, but mechanics familiar with the running of the engine can often judge by the noise
and vibration when preignition is occurring. In some cases ignition from overheated plugs
may occur before the inlet valve has closed. This results in the familiar “popping back” in
the carburetor and may constitute a serious fire hazard on a plane. A careful distinction should
be made between true preignition, and what may be called “afterfiring.’”” This latter phe-
nomenon consists in the continued operation of the engine after the ignition system has been
cut off, as a result of the ignition of the charge from heated surfaces within the cylinder. Igni-
tion from such surfaces is slow and has the effect of a greatly retarded spark. The combustion
in such cases is relatively late, does not yield much power, and can maintain only a very slow
engine speed. The pressures obtained by this effect probably occur so late in the stroke as not
to interfere with the normal operation of the engine when the electric ignition is also functioning,

Remedies for preignition, as far as the spark plugs are concerned, are obviously to keep
the insulator as cool as possible by making it short and compact. Long central electrodes
should be avoided, and also constructions which tend to permit the formation of flakes of mica,
which, owing to their low heat conductivity, will maintain their high temperature throughout
the intake stroke. The use of a copper rod for the central electrode should be effective in this
respect, but introduces difficulties from expansion and oxidation. Other extreme designs
intended to eliminate preigoition troubles have used a hollow central electrode containing a
small quantity of mercury which, being vaporized at the inner end and condensing at the outer,
greatly increases the effective heat conductivity of the electrode. Other designs of plugs have
used check valves which allow cool air from without to be sucked past the insulator during the
intake stroke, but which prevent leakage of gas outward during the remainder of the cycle.
This latter design, however, has not proved practical. There seems to be good evidence that
the exhaust valves operate at nearly as high temperatures as the spark plugs, and they are
probably equally effective in producing preignition where this trouble exists.

(6) Conduction through insulator.—It has frequently been stated that cases of spark-plug
failures in very hot engines may be attributed to the fact that at high temperatures the insulat-
ing materials used in the plug become to some extent conductors of electricity and reduce the
insulation resistance below the critical value of about 100,000 ohms. Report No, 53, Parts I
and II, describe a series of measurements of this property for various materials and indicate
that there is'a very considerable variation between different materials in this respect. As a
result of an exhaustive study of the subject, however, it appears that only in extremely hot
engines and in cases where the ignition system is unusually feeble is failure of ignition likely
to occur from this cause. The early reports which were received concerning this cause of
failure have not been confirmed by later information from France, and it appears that the
importance of this cause of failure has been exaggerated. The remedies for this trouble are, of
course, the use of material of high resistivity, such as fused quartz, mica, or some of the por-
celains recently developed by the bureau and by certain manufacturers. An alternative remedy
is to use an auxiliary spark gap in series with the spark plug, as in cases of carbon foulings.

(8) Electrical puncture of the insulator.—The possibility of a direct puncture of the material
by the igniting voltage is of much interest, though difficult to study quantitatively. In con-
sidering this matter the two very different methods of possible electrical failure of an insulating
material must be carefully distinguished, as much confusion has arisen from failure to do this.
The first of these is usually called ‘“dielectric breakdown.” This is exemplified by the behavior
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of a sample of porcelain tested cold by applying a known voltage and graduslly raising this
until at about 8,000 volts per millimeter & spark passes through the porcelain. The voltage
thus ohserved is called the breakdown voltage of the material and has a fairly definite value.
Under these conditions the leakage current through the sample, even just before the breakdown
occurs, is very small, and the sample is therefore not heated and changed in its properties
appreciably by the application of the test voltage.

The second type of failure may be called “conductive breakdown,” and is exemplified by
the behavior of a porcelain sample tested when hot, say, at 500° C. At this temperature the
resistance of a centimeter cube of ordinary porcelain is about 100,000 ohms, and if a voltage
of only 500 volts per millimeter (i. e., only one-twentieth of that in the preceding case) is applied
the current flowing will be 50 milliamperes, and the power dissipated in the sample will be 250
watts. This would, of course, raise the temperature of the sample very rapidly (at the rate of
about 100° C. per second), and the resistance would consequently drop still lower and the
material would be fused and destroyed in a very short time. It can be shown that although
there is a fairly definite value of voltage and temperature at which samples tested under identical
conditions fail in this manner, yet these values depend very greatly on the conditions of the
experiment, such as the rate of application of the voltage, the ease with which the samples can
lose heat to the surroundings, ete., and that it is impossible to assign any definite breakdown
voltage to the material when tested in this manner. It is evident that the two types of failure
depend on entirely different properties of the material, and so far as is known there is no con-
nection between the two.

When a porcelain is used in a spark plug it is subjected to rather peculiar electrical con-
ditions. At the instant the contact breaker opens the voltage increases with extreme rapidity
to a value of 6,000 volts. This, however, lasts only a few hundred-thousandths of a second.
The spark gap then breaks down and the voltage drops to & few hundred volts and remains at
that value several thousandths of a second. 1t then drops to zero and remains so for something
like a fifteenth of a second when the cycle is repeated. The total power output of the ordinary
ignition system is limited to a few watts, so it seems improbable that the second or conductive
type of breakdown occurs in practice. The maximum voltage in operation is less than one-
fifth of the dielectric breakdown strength of the porcelain when cold. It is, however, possible
that this dielectric strength is greatly diminished at high temperatures and that consequently
plugs may fail from this cause. If the insulator was punctured by the peak voltage, the rest
of the discharge would be concentrated at the small region of failure and might well be sufficient
to produce fused spots in the material. .

Owing to the rather remote possibility of this type of failure and the experimental difficulty
of producing in the laboratory dielectric breakdown without conductive breakdown, no meas-
urements have been made of the dielectric breakdown strength of insulators when hot.

(7) Minor troubles—In addition to the prineipal causes of failure discussed above, trouble
is occasionally experienced from warping of the electrodes. This either short circuits the gap
or increases it to such an extent that the breakdown voltage required is more than the ignition
system can furnish. This trouble can be remedied by supporting the central electrode to within
a short distance of the spark gap, but many plugs are on the market in which 2 great length of
unsupported wire is used.

With prolonged use the surfaces of the electrodes gradually corrode away as a result of
oxidation between the crystal grains.

With the alloy usually used (Ni 97 per cent, Mn 3 per cent) this corrosion is very slow
and the life of the plug is almost invariably limited by one of the other types of failure. Itis
stated, however, that slight impurities in the electrode wire greatly accelerate the rate of cor-
rosion. If the construction of the plug is such that the material is subjected to a mechanical
tension, the intercrystalline cracks are pulled apart and the deterioration is much more rapid.
Tungsten has been suggested as an electrode material and would appear to be well suited because
of its high melting point, low coefficient of expansion, and high heat conductivity. Preliminary
tests at this bureau in which sparking was produced for a long period between tungsten elec-
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trodes in an atmosphere of CO, showed very little corrosion. The extreme hardness and rigidity
of the metal, however, makes it difficult to handle in manufacture, and its adoption for com-
mercial use is probably not warranted.

In some cases a chemical corrosion of the electrode which ultimately causes the tip to drop
off has been produced by a reaction between the material of the cement and the metal of the
electrode at the high temperatures of operation. This matter has been discussed in Report
No. 53, Part IV, and can be remedied by the use of suitable cements.

There seems to be some evidence that with very rich mixtures a deposit of carbon may be
built out on the electrode surfaces themselves to such an extent as to short circuit the gap.
The heat energy of the spark itself is, however, usually sufficient to burn away such deposits.

Electrical brush discharge over the hot surface of the insulator is occasionally suggested
as an explanation of spark-plug trouble. Astudy of this effect madein the laboratory,while not
entirely conclusive, seems to indicate that it is not an important factor. Experiments at at-
mospheric pressure and high temperature show that a brush discharge which forms a delicate
purple glow over the surface of the insulator is produced when sufficiently high voltage from
an ignition system is applied to a spark-plug insulator. The voltage required, however, is
more than enough to cause a spark to jump from the central electrode to the shell. Experi-
ments at higher pressures (see Report No. 54) and at temperatures up to' 760° C. showed no
trace of brush discharge in a plug having a gap width of 2.2 mm., although the pressure was
raised to such a value as to require a sparking voltage of about 14,000 volts. The data at hand
indicate that the increase in pressure in the engine cylinder is as effective in preventing the
brush as it is the spark discharge. Consequently the former might develop only in case there
were a layer of gas near the insulator which was decidedly hotter and less dense than the gas
in the spark gap. Such a condition is very improbable in view of the turbulent motion of the

cylinder contents.
GAS LEAKAGE,

Leakage of gas through the spark plug is never in practice sufficiently great to interfere
with the operation of the engine directly. It does, however, tend to heat the spark plug very
rapidly and causes one or another of the various types of failure discussed above. Part IT of
this report gives the results of experiments on the gas tightness of a variety of spark plugs, and
describes the methods of test which have been found useful. The general conclusions reached
as a result of this work are that tightness is much more a matter of workmanship than of design
and that a wide variation is to be expected in the tightness of plugs made to the same design
and even by the same manufacturer.

NOTES ON PLUG DESIGN.

It will be noted from the preceding discussion that the remedy suggested for one cause of
failure is very often directly opposite to that suggested for another, and the proper design of a
spark plug becomes a matter of balancing the conflicting requirements. The conditions in
various types of engines vary quite widely, some having much higher operating temperatures
than others and some having much greater amount of lubricating oil present in the combustion
space than others. The type of spark plug which is suitable for one class of engine may fail
to operate another. )

The following general statements, however, seem to be justified by the information avail-
able. As to the material of the insulator, mica has the great advantage that it will not crack
as a result of temperature gradient or other reason. Porcelain, however, is definitely superior -
in resisting the formation of deposits of carbon and is also much less expensive to manufacture.
It may be said in general that the mica plug has to be of very good grade and workmanship to
compete with a good porcelain plug, but is definitely superior to a plug with a poor gradé of
porcelain. '

Assuming equally good workmanship, the method of making the joint between insulator
and shell seems to have little effect upon the gas tightness of a plug except in certain designs
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where the insulator is molded into the shell, in which case absolute tightness can be secured.
The process of crimping the shell around the shoulder of the porcelain is very liable to set up
strains and cause cracking of the insulator, but has the advantage of cheapness and rapidity of
construction.

The shape and arrangement of the electrodes seem to have but little effect upon the opera-
tion of the plug, with the notable exception that plugs in which the side wall of the shell forms one
electrode are definitely more liable to foul with oil and make starting difficult. The breakdown
voltage of the spark gap depends to some extent upon the shape of the electrode tips, but such
variation in breakdown voltage is comparatively slight and can be compensated for by a very
slight difference in the length of the spark gap. The use of rather fine wires as electrodes tends
to ease in starting as any oil film is readily burnt off, but is liable to cause preignition in hot
engines. The use of a central electrode consisting of a disk or similar shape seems to have little
advantage as far as the spark gap is concerned, for while it slightly reduces the likelihood that
all possible sparking points may be fouled with oil simultaneously, the danger of short circuit-
ing at least one of the many possible sparking points with carbon is correspondingly increased.
The merits which this type of electrode may have lie in the protection which it may afford
to the insulating material back of it.

Improvements to be expected in the construction of spark plugs seem to be along the lines
of better porcelain bodies which are less likely to crack and the construction of a molded or
fused insulator which will insure absolute gas tightness. There seems to be also a very consider-
able field for improvement in ignition systems so that they will be able to fire a spark plug even
when it does not maintain the high insulation resistance which is required by the systems now
in use. There is a great need of definite and accurate statistical data as to the performance of
spark plugs of different types in various engines under service conditions, as it is only on the
basis of such data that the real worth of any design can be determined, and it is only by the
compilation of much larger amounts of such data than are now at hand that more definite
conclusions as to the proper type of design can be based.
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PART II.

GAS LEAKAGE IN SPARK PLUGS.

By L. B. LoEs, L. G. Sawver, and E. L. FONsECA.

RESUME,

This report describes the method used at the Bureau of Standards for measuring the gas
tightness of aviation spark plugs, and gives the results of numerous measurements by this method.
The plugs to be tested are screwed into a pressure bomb and subjected to an air pressure of
225 pounds per square inch while submerged in oil heated to a temperature of 150° C. (302°
F.). The leakage of air is then measured by the displacement of oil in an inverted bell jar
placed over the plugs. Tables and curves contained in the report give the results of measure-
ments taken on a wide variety of plugs under the above conditions, as well as data obtained
with other values of pressure and temperature.

The data obtained are listed in Table I, and have been analyzed to bring out any relation
which might exist between the gas tightness and the type of construction. For this purpose
the types of construction were grouped into five classes, and the average leakage computed for
each. Table II shows that there is comparatively little difference between the various classes,
and hence indicates that gas tightness is much more dependent upon workmanship than upon
design. This is borne out by many tests.

Successive measurements on a single plug fail to repeat, which is due to permanent deforma-
tion of the shell, gaskets, etc. -Also & wide variation is found among supposedly similar plugs

from a single maker.
INTRODUCTION.

During the past year the Bureau of Standards has had occasion to test for gas tightness
several hundred spark plugs of a wide variety of designs, both American and foreign. It is the
object of this report to summarize the results of these tests, to record whatever conclusions can
‘be drawn from the data thus obtained, and to describe in some detail the methods of test now
used at the bureau.

The leakage of gas through a spark plug is negligible so far as the loss of pressure in the
engine cylinder is concerned, but is of the greatest importance as regards the operation of the
plug. A very slight leakage of the hot gases carries heat up into the body of the plug, rapidly
raising its temperature, and thus causing one or another of a number of different types of failure
which ultimately destroy the plug. Some practical engineers consider the gas tightness of a
spark plug its sole important property.

The ordinary spark plug consists of three distinct parts, viz: The central electrode, the
shell or outer electrode, and the insulating material, which is usually porcelain, mica, or glass.
There are thus in general two joints which must be made tight, though in some instances manu-
facturers have constructed both the central electrode and the insulator in two or more pieces.

METHODS OF TEST.

Various methods of test are now in use for factory inspection and for judging the relative
merits of different types of spark plugs. For the former purpose many manufacturers test the
15
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plugs while cold and with a pressure not over 100 pounds per square inch. In the case of spark
plugs for special aviation work, all plugs are discarded which show any leakage on this test.
Tests for determining the merits of different types are in general more severe.

Foreign military and aviation committees specify several different tests for gas leakage,
two examples of which are as follows:

(1) The plug is tested for leakage through it, under cold oil, at an air pressure of 10 kilo-
grams per square centimeter (142.1 pounds per square inch) for 15 minutes.

(2) Oil is pumped into a cylinder, into which the plugs are screwed, at a pressure of 30
kilograms per square centimeter (426.3 pounds per square inch), this pressure being main-
tained for 5 minutes. A pressure of 100 kilograms per square centimeter (1,421 pounds per
square inch) is reported to have been reached in the case of one plug, but a plug is dis-
carded if it leaks at the low pressure of 5 kilograms per square centimeter (71.05 pounds per
square inch), the results at the higher pressures being of relative value only.

While on an engine in operation plugs are sometimes tested for gus tightness by spraying
oil over them; but this test is not reliable, as the oil is likely to boil when it comes in contact
with the hot plug, producing bubbles, thus making it difficult to tell whether it is heat or leakage
that causes the bubbles.

The method used by the Bureau of Standards for determining gas leakage may be doseribed
as follows: The plugs to be tested are screwed into a pressure bomb, which is then filled with
compressed air, while submerged in a bath of oil heated to any desired temperature. The
leakage of air through the plug is measured by the displacement of oil in an inverted bell jar
placed over the plug. Standard conditions for testing the relative merits of different types of
plugs are 15 kilograms per square centimeter (225 pounds per square inch} air pressure and
150° C. (302° F.) temperature.

The apparatus used is shown in figure 1, and consists of a pressure bomb, an oil tank, two
pressure tanks with pressure gauge, a graduated bell jar, and an aspirator. The pressure bomb
is made from a piece of hexagonal steel with holes drilled and tapped to accommodate six spark
plugs, as well as the pressure connection of one-eighth inch copper tubing. The bomb is sus-
pended from both ends by iron straps, which are made fast to two upright standards securoly
fastened to the floor. The oil tank is of sufficient depth to completely submerge the bomb and
plugs when the tank is raised. It is balanced by a weight attached to cords running over small
sheave wheels, so as to slide up and down easily between the uprights which support the bomb.
The tank contains a 1,000-watt heating coil.

Compressed air is obtained from a tank having a capacity of 150 cubic feot at an initial
pressure of 1,500 pounds per square inch. Amnother smaller tank is used as a low-pressurc
reservoir, in order to maintain a steady pressure while making a measurement. The gauge
used is an ordinary commercial pressure gauge reading to 500 pounds.

The graduated bell jar is made of Pyrex glass, and is about 2 inches in diameter and 7 inches
long. The lower end of the jar has an opening equal to its full diameter, while the other end,
drawn down to a diameter of approximately one-fourth inch, is closed by a rubber hose leading to
the aspirator, as shown in figure 1. The jar is graduated at intervals, and the volume hetween
successive marks is accurately known. In order to fill the bell jar the oil may be sucked up
to the proper level by the mouth, but it is much more convenient to use a water aspirator, as
shown in the drawing. This consists of an upright piece of iron pipe, closed at both ends,
except for a small pipe connection at the top and bottom. The pipe at the hottom is so con-
nected by valves to both the water supply and the sewer that the standpipe ean be emptied
or filled at will by the manipulation of these valves. The pipe at the top is connected to the bell
jer by a rubber hose and water bottle, the purpose of the latter being to pick up any oil which
might pass the bell jar.

In carrying out a measurement the plugs are screwed tightly into the bomb, against lead
gaskets, instead of the usual copper-asbestos ones. The oil tank is then raised, submerging
the bomb and plugs, and the oil drawn to the desired height in the bell jar, after which the
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jar is sealed by a pinch cock on the rubber hose between the jar and the aspirator. When the
pressure is applied, as the air leaks through the plug, the oil level in the bell jar gradually falls,
and the time required for the level to travel between any two graduations is observed with a
stop watch. The leakage in cubic centimeters per second can be readily determined from this
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FIGURE 1.

time interval and the calibration of the jar. A leakage greater than 0.2 cubic centimeter
(0.01 cubic inch) per second at a pressure of 15 kilograms per square centimeter (225 pounds

per square inch) and at a temperature of 150° C. (302° F.) should be considered excessive for
aviation work.
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EFFECT OF PRESSURE.

Using the apparatus above described, tests were made on six different types of plugs to
ascertain the relation, if any, between leakage and pressure. As shown by plots 2 to 7, inclu-
sive, the leakage increases much more rapidly than the pressure, but owing to the fact that in
nearly every case the leakage failed to repeat on successive trials, no definite relation between
the variables can be deduced. Since the amount of gas flowing through very small openings,
such as are here considered, and of fixed area, varies only as the first power of the pressure, it
is evident that the apertures in a spark plug must be opened up very markedly by the pressure
applied in making these measurements.
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EFFECT OF TEMPERATURE.

Tests were also made on several different types of plugs to ascertain the effect of tempera-
ture on leakage. Asshown by plots 8 and 9, it appears that, as might be expected, no definite
relation exists between temperature and leakage, and on successive trials the leakage fails to
repeat, in some cases changing by a factor of 10 or more between two tests. It will be noted
that one plug showed a definite decrease in leakage with increase in temperature, suggesting
that in this design the thermal expansion tends to close the apertures rather than to open them.
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RESULTS OF TESTS ON PLUGS.

The results of tests to determine the leakage of plugs cover such a wide range that in ex-
pressing thie results it is more convenient to make seven classifications, as follows:
Class A, leakage below 0.005 cc. per second. '
Class A —, leakage 0.005 to 0.01 cc. per second.
Class B+, leakage 0.01 to 0.10 ce. per second.
Class B, leakage 0.10 to 0.50 ce. per second.
Class B —, leakage 0.50 to 1.00 cc. per second.
Class C, leakage 1.00 to 5.00 cc. per second.
Class D, leakage over 5.00 cc. per second.

Table I and plot 10 show the average results for each of the various types tested, and also
the number of plugs of each type. In studying these results one should bear in mind the varia-
tion to be expected in successive measurements of the same plug, also the variation among
different plugs of the same manufacturer and shipment. This is illustrated by plot 11, which
was plotted by dividing the 100 per cent base line into as many equal parts as there were plugs
in each set, and then plotting the observed gas leakage of each plug as the ordinate at these
equal intervals, choosing the plugs in the order of increasing leakage. Consequently the
abscissa corresponding to any point on the graph indicates the percentage of plugs having less
than the amount of leakage indicated by the ordinate at that point.

An endeavor was made, by analyzing the data contained in Table I, to determine whether
there was, on the whole, any relation between the design of the plug and its gas tightness.
For this purpose the plugs there listed were grouped into five classes, as follows: (1) screw
bushing, (2) crimped, () taper fit, (4) molded, (5) spun gland.

The average leakage for each class of construction was computed by assigning numerical
values for various grades of leakage, as follows: D equals 1, C equals 2, B— equals 3, B equals 4,
B + equals 5, A— equals 6, A equals 7. Each grade having a numerical value, the summation
of these values was then divided by the number of plugs in that group.

The general features of each class of construction are outlined below:

In the screw bushing method of assembling, illustrated in Fig. 18, the insulator has a
shoulder, one side of which is seated on a shoulder in the shell, while a bushing is screwed down
inside the shell on the opposite side. In order to make this joint tight, a gasket, either of brass,
copper-asbestos, or some other soft, heat-resisting material is used. Different manufacturers use
various shapes for the surfaces with which the gaskets come into contact, some placing the gasket
against the upper shoulder and others against the lower shoulder of the insulator. Inoneinstance
a plug was found with a copper gasket against the lower surface of the shoulder and a slotted
spring-steel washer between the upper surface of the shoulder and the screw bushing. The reason
for this design was evidently to avoid excessive stresses on the shoulder of the insulator while
assembling, and possibly to mitigate the stresses due to vibration while operating on the engine.
The result of this construction was that the cylinder pressure caused the spring washer to be
compressed, moving the insulator upward from the gasket, which was intended to insure the
tightness of the plug. Thus the gas escaped readily, causing a very leaky plug. From a
mechanical standpoint, had the positions of the gasket and washer been interchanged, so that
the insulator would have been moved against the gasket instead of away from it, when under
pressure, the plug would have been much tighter. - Two exceptional cases have been noted in
which the insulating material is mica and the screw bushing has been partially embedded in the
mica by great pressure. In these cases no gasket is used between the insulator and the bushing,
nor can they be separated without injury to the insulating material.

The crimped shell, as used in the Champion, Titan, and other plugs, is illustrated in Fig. 15
and is formed by forcing the top edge of the shell over a gasket of some soft material, as brass,
copper-asbestos, or aluminum alloy, which rests upon the upper side of the shoulder of the insulator.
These plugs give fairly good joints, but have never shown themselves to be absolutely tight,
although in many cases the leakage was very small. This method of assembly has the disadvantage
that the plug can not be taken apart for cleaning without destroying it.
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The taper fit used by several manufacturers, Fig. 14, in all cases that have come to the attention
of this bureau, were on plugs of mica or steatite insulation. The taper fit hes failed in all cases
but one to give a petfectly tight joint, this being due, undoubtedly, to the flaky property of the
mica, which makes it very difficult to produce a smooth and hard surface that will stand the
pressure exerted upon it when assembling the plug. One maker has overcome this difficulty
by placing a thin steel jacket over the taper, which in this case is approximately 45°. This
steel jacket is strong enough to withstand the pressure upon it, thus protecting the mica
insulation, and at the same time is flexible enough to conform to the surface of the taper
within the shell and form a perfectly tight fit.

The molded-~in insulators, illustrated in Fig. 12, as represented by the Anderson plug, consist
of glass which has been forced between the central electrode and the shell while in the molten
state. Itadherestoboth the electrode and the shell, and forms an absolutely tight plug. Attempts
have been made to use the molded materials, such as Bakelite and Condensite, in spark plugs; but,
although these may produce a tight joint when cold, the samples thus far submitted have not
been able to withstand the temperature conditions obtaining in actual service.

The spun gland, which is used upon only one type of plug, is as yet in the experimental stage.
It is shown in Fig. 16. This plug uses a porcelain insulator, the shoulder of the porcelain being
surrounded by a spun brass gland which is part of the screw bushing and projects & very little
below the shoulder of the plug. Theinterior of the shell has a taper of 45°, which comesin contact
with the edge of the gland. When the bushing is screwed down in the first assembly the edge of
the gland is crimped about the shoulder of the porcelain, forcing a tight joint. This plug has
the advantage of being easily taken apart for cleaning, and can be reassembled to give as tight
a joint as at first without the aid of special wrenches. When the plug has once been assembled
and the gland formed the insulator and bushing can not be separated without totally destroy-
ing the gland.

So far in the discussion of methods of assembly nothing has been said in regard to the
numerous ways of assembling the central electrode and insulating material, which vary with
different manufacturers, In the majority of cases the electrode is of uniform d1ameter through-
out the entire length of the porcelam having a shoulder on the inner end while the outer end
is threaded and made tight by screwing a nut against a gasket or washer, the shoulder and washer
both bearing on the insulator. In some instances both the electrode and insulator are threaded
and screwed together, and a cement is introduced to insure a tight joint. In still other cases
the electrode is cemented to the insulator, there being no other means of fastening these two
parts together. Other manufacturers fuse or mold the electrode into the insulator.

There are certain objections to the use of any form of cement between the electrode and
the insulator, the mechanical seal first described appearing to be the most satisfactory method
of assembly. This matter is more fully discussed in Report No. 53, Part 4, entitled ‘“Cements

for Spark Plug Electrodes.”
CONCLUSIONS.

The results obtained from the analysis of Table I are listed in Table II. It appears from
this table that the molded insulator is definitely superior to the other types in the matter of
gas tightness. The high rating of the spun gland type is somewhat questionable, since all the
plugs tested were constructed especially for experimental purposes and did not represent a typical
output on & production basis. The close agreement of the other classes, combined with the wide
variations shown in Table I between different makes of the same class, show quite conclusively
that the leakage depends much more upon the workmanship than upon the design.

Table III gives the results obtained by grouping the plugs according to the insulating
material used. The good performance of glass plugs is due to their being of molded construc-
tion. The difference between porcelain and mica is too slight to be given much weight; but
indicates that the laminated structure of the mica does not seriously decrease its gas tightness.
This result is confirmed by a second set of averages, including only high-grade plugs which
are actually used to a considerable extent on aviation engines. The porcelain plugs showed
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Grade B + and the mica plugs Grade B. The number of plugs tested of the other materials is
insufficient to support any definite conclusions.

The leakage of a spark plug is more dependent upon workmanship than upon design, since
tight and leaky plugs have been found in nearly every design submitted for test.

TasLE I.
Name of plug. Material. lgeﬁgﬂ Grade. Name of plug. Material. l;‘i‘gﬁger Grade.
Anderson.... 27 A ] B
.C.F.. 7 c v B—
Bs,by Refio: 3 C 3 B4
Bakelite.... é D T [o]
Barnes & Hay | 1 B+ 11 A
Baysdorfer Affinity........|..... 6 B— 12 n
Benton, cciucieminneenanbaii, 6 [ [} [
Berkshire....covvennceaid]eness [} B 1 B+
DOuevivernonsansnneesr.| Mica..... 6. C 6 B
Bethlehem...oovveenernranoae @000 12 A— 8 D
Do.... ] 21 A— 3 [
Boseh..... Steafite.... § D 10 B
Bugatti. Porcelain 4 o] 12 C
Comet..... Mica... 5 C 4 B+
¢Champion. Porcelail 28 B 2 c
nill....... Miea... 3 A ¢ D
Dusfy Air Lin Porcelai; 5 B 9 A-
Dufly Quartz Quartz and mieca.. 12 A b3 B
Dufly Express. ..{ Poreelain....... 4 B 39 B
(513 AP e--edoe.. 18 A— 6§ D
Gnome. Mica,.... 4] (o] [} B
Hercules. Porcelain @ D 8 D
Herz, Bougle Steatite 20 B [} D
Johns-Manville. Porcelain, 3 B 2 D
(21N S [T T & B+ 33 B+
TasrLe II.
Plugs § Average Plugs | Aver
Method. tested. | “grade. Method ested. gndaege
Serow bushing ..................................... 300 B 21 A
Molded, glass. . cene 2 A kil B
Taper At . ceer o crra e ettt 32 B 7 [4
Average=4.2, or Grade B.
TFaBLe III.
. Number| ,. Number | 4
Matorial, lugs Verage Material. lugs | AVerose
fosted. | erade. tasted, | grade.
Porcelain. 245 B Quartz Mics. .- cvveemmrenrernruoransneennenancan 12 A
Mies.... 169 B~ || Porcelain and mica... [} B
Glass. .. . . 27 A Quartz and Condensite 1 B+
Bakelite..... cvccerennmemnronnicscanasacmaannans 6 D .

Average=3.8, or Grade B.
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PART IIL
METHODS FOR TESTING SPARK PLUGS.

By H. C. DicrinsoN, F. B. SiLsBEE, aND P. G. AbNEW.

RESUME.

The factors which affect the performance of spark plugs in gasoline engines are very numer-
ous, subject to erratic variation, and differ widely with the type of engine. Consequently
definite conclusions as to the ultimate value of a given type of plug can be based only on reliable
statistical data on the performance of a large number of plugs. An engine test of a few hours’
duration serves to develop any marked weakness in a spark plug and is the most valuable
over all test. Laboratory tests determine quantitatively certain specific properties of a spark
plug rapidly and conveniently, and have three chief functions. These are (1) the indication
of probable weak points in new designs of plugs, (2) the indication of progress in the develop-
ment of improvements or the elimination of faults in design or material, and (3) a check on
production by means of routine tests. The tests described below have been developed at the
Bureau of Standards for these purposes.

The first test is for the electrical conductivity of the insulating material while hot. The
specimen to be tested is heated in an electric furnace to the desired temperature and the resist-
ance measured, using 60-cycle alternating current at 500 volts. The conductivity of this class
of materials is found to vary very rapidly with the temperature, approximately obeying a law
of compound interest with an increase of 2 per cent per degree Centigrade. The quality of the
material is therefore very conveniently expressed by stating the temperature (7,) at which
it has an arbitrarily selected resistivity. This value has been selected as one megohm per
centimeter cube, and a spark plug of the usual construction, made of material of this resistivity,
will have a resistance of about 200,000 ohms. This is slightly on the safe side of the limit
at which the usual forms of ignition system may be relied upon to give regular firing in a high
compression motor. _

The following table gives some typical results obtained by this method:

¢ b. Te. p 500,
Quartz....- A 118 0. 0065 890 340 x 106
Best porcelaintestod....cceemeereaenienanaanes 11.2 . 0086 790 80
Typicalmica plug....cvcevennn.. srarennnaanos . -12.1 .0085 720 70
Average ofthree aviation poreelains.....-..... 11.5 . 0085 650 40
Averageautomobile porcelain............. Nete 10.2 . 0085 490 0.80

The resistance of the insulating material to thermal cracking is tested by heating the speci-
men to 300° C. and then quenching it in water at room temperature. The sample is then
soaked in an aniline dye which renders visible any cracks which may be present.

The assembled plugs are tested for gas tightness with compressed air at a pressure of 225
pounds per square inch while the plug is immersed in a bath of oil heated to 150° C. This
serves to duplicate the conditions in the ‘engine which may cause leaks due to the thermal
expansion of the various parts of the plugs. The air leaking through the plug is collected in
a glass tube and measured.

25
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The resistance of the plugs to breakage by mechanical shock is tested by serewing the
assembled plug into the side of a steel block which, by a trip hammer arrangement, is struck
repeatedly against a hardened steel rail. The number of impacts delivered before the plug is
damaged is taken as a measure of its performance.

The cold dielectric strength. test is made by applying 60-cycle voltage from a transformer
to the plug insulator while it is immersed in a vessel of oil. The voltage is raised gradually
to 25,000 volts and any puncture of the material is considered a failure.

The engine test consists in running the plugs in a high compression aviation engine at
full load for six hours and at light load for one hour, and noting the general performance of
the plugs.

INTRODUCTION.

The methods of test described in this report have been developed at the Bureau of Stand-
ards as a part of the investigation of ignition problems. The object of laboratory tests of this
nature is to determine certain specific properties of the material or design of the plug under
conveniently controllable conditions, both for the purpose of developing improvements in cer-
tain particular properties and for compering the relative merits of different types of plug in
regard to these properties, thus permitting the elimination of types notably inferior in any
important characteristic. The engine test serves to bring out any other source of weakness
and indicates the general utility of the plug. It should be emphasized that prolonged running
in an engine of the type in which the plugs are to be used is the only ultimate basis for judging

the merits of a given type.-
' The tests employed are as follows:

1. Test for electrical conductivity of insulating material.
2. Test for resistance of insulator to thermal cracking.
3. Test for gas tightness.

4. Test for resistance to mechanical vibration.

5. Test for dielectric strength.

6. Engine test.

These tests are necessarily in continual process of development, and the directions given
below are subject to frequent revision.

ELECTRICAL CONDUCTIVITY.

The measurement of electrical conductivity is made either on spark plug insulators or on
specially designed test specimens. In either case the sample of insulating material to e tested
is heated in an electric furnace to the desired temperature and 60 cycle alternating current at
500 volts is then impressed upon the specimen between two suitable electrodes. A voltmeter
connected between these electrodes and an ammeter in series with the specimen are read simul-
taneously and the resistance is taken as the quotient of effective voltage divided by effective
current.

Since the current through the specimen is rather small, a very sensitive milliammeter is
required and it is usually found convenient to use for this purpose a dynamometer wattmeter.
The fixed coil of this wattmeter is excited by a known current from the same source of supply
as the test current through the specimen. The moving coil of the wattmeter is connected in
series with the specimen. Such an arrangement provides a higher sensitivity than can be
attained with commercial milliammeters, and is also convenient because of the great range of
currents which can be measured by using various exciting currents. The connections used in
this test are shown in figure 1.

Measurements made by this method on the same sample are found to give results agreeing
to a few per cent when different voltages, frequencies, and times of application of the measuring
current are used.

For the accurate measurements of the conductivity of the material, a cup specimen, similar
to the American Society for Testing Materials’ standard test piece No. 1, should be used, though
it is not essential that the side walls of the cup be tapered. Figure 2 gives a cross-section of



SPARK PLUG DEFECTS AND TESTS.

78 AC. Spply

Armrmeter Sor heating furnace

i

*O\o-—-—-

/‘/a/ﬁp)r'e/-

Volfymerer

<3
rtttiotmene | <

Byraarrorrersr
Wt rreter

il

“——
-

E | Mitharnmeter

e

N VAAVAV
Arrrneter ==

&C/ﬁhg/ﬁrvw'f l =

O~
Sor fleamrerrent

FIGURE 1,

22. -

AN

NANANANNNAN

ANANNANURRNY

65, mm.

FIGURE 2.

PORCELAIN TEST SPECIMEN,

W 77

L MNetal Shell

|/ Tear Resisting

—7TaTerval
Nichrorne
—7Teat Coils

I~ Teal coll Leads
_Tber'mocofp/e

=== Specinen

P/ug
SHURC/TS
& Ground

7+ Electrode

FIGURE 4.

27



28

ANNUAL REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.

P11
o
§ 3
* g
239§
mzsﬂ
co._.__m.% S
©!9%g%g 3
N I m
5. -Jﬂa.d g
N 7] ]
L™ v = ©
A Sapy = °
ORNSY 4 o
Mm;__.__u. — Mm
Lk..om \.\.w\ - ..m..
QU 1~ » & m.
X § s B
R A8
YRR
pe T Q
& .. 1
s
D9 i
3RS IR
©+<48 i
1 8
3
$3
S 8 % % % § % ¥£.%3 ¥§ % S % ¥ N §NQ
V) \@.QN
2 :
Y MR N B oz e
=Y 8
RN \
NS N @.
OO \7/
L L -
A\ > A7 f_\e. < n 0
8} ottty 9 N
N £ 241100, £% N ,mﬁ
N ...\\I.\v\h\h%\\\\\\\k\\ o g3 S m
m 3
. /7 NSK

/6.0

Q
L
§
HF T =
lal N o
)

(=]

o
y-s.-v«

I

7759/77:;5099/33

FIGURE 3.



SPARK PLUG DEFECTS AND TESTS. 29

this type of specimen. The resistivity of the material can be computed by multiplying the
2
desired resistance of such a cup by the factor X obtained from the equation K =% where d

is the diameter of the cup and ¢ the thickness of the bottom.

This test cup is filled to a depth of about 2 cm. (0.8 inch) with melted solder, which forms
one electrode, and is in turn set in a slightly larger shallow steel cup containing melted solder,
which forms the other electrode. This arrangement insures good contact between the electrodes
and the porcelain. To avoid cracking the cup, it is, of course, necessary to insert the solder
in the solid form and melt it by gradually increasing the furnace temperature. Figure 3 shows
the arrangement of the cup specimen in the furnace. Two thermocouples protected by porcelain
tubes are inserted in the solder in the test specimen and in a hole in the steel cup respectively.

. Measurements of resistivity are made only when these two couples indicate substantially the
same temperature.

In cases where cup specimens are not available, actual spark-plug insulators can be tested
by using the central electrode as one terminal and the shell of the spark plug as the other. If
the insulator is removed from the shell, a band about 2 em. (0.8 inch) wide at the center of the
length of the insulator is coated with platinum by applying a layer of platinum chloride solution
and then heating this to reduce the chloride and leave a deposit of metallic platinum. This
platinum belt is then used as the outer terminal. The specimen is inserted in an electric furnace,
as shown in figure 4, the temperature of which is indicated by a thermocouple placed in contact
with the shell of the plug.

Measurements obtained on these specimens are accurate as indicating the resistance of
the specimen, but owing to the irregular shape and the uncertainty as to the area of outer
electrode in actual contact with the porcelain they are not suitable for accurately measuring
the resistivity of the material. Assuming the usual formula for current flow between coaxisl
cylinders, the factor K by which the resistance must be multiplied to give the resistivity of the
material can be computed by the equation

K

2z
~ 2.3 log,, %’

where L is the effective axial length of the electrode, and d, and d, are the diameters of the
inner and outer electrodes. In this computation, it is assumed that the contact is made over
the entire surface covered by the shell of the plug, and consequently the values of resistivity
computed on this basis are too high if this contact is imperfect. It should also be noted that
the path for surface leakage is much shorter in the case of the plug specimen, and also that if
the glaze is of poorer material than the body of the plug, conduction through this glaze will
reduce the apparent resistivity. In the cup specimen, on the other hand, the area of contact
and thickness of the bottom of the cup are definite and easily measured. It is found that in
geﬁeral measurements on plug samples give lower resistivity than those on cups.

The change of resistivity with temperature in this class of materials is so rapid that it is
impracticable to plot resistivity against temperature directly, as a scale which is suitable at one
end of the temperature range becomes extremely crowded at the other. It is found, however,
that by plotting the logarithm of the resistivity against the temperature, a smooth curve slightly
concave upward is obtained. The curvature of this plot is quite small and the data can be
represented within the range of temperature used with sufficient accuracy by a straight line which
more nearly fits the observed points. Plot 5 shows a typical plot of data obtained on a cup
sample.

The points on the straight line give the relation

Log,, R=a—b¢

where R is the resistance of the specimen in ohms and ¢ the temperature in degrees Centigrade,
while @ and b are constants of the curve. Addinglog K to both sides of this equation we obtain

Log,, p=a +log,y K—bt=c—bt
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where p is the resistivity in ohms per centimeter cube and ¢ a new constant of the material which
is obtained from ¢ by the equation
c=a+log,, K.

The constants ¢ and b depend upon the material only and not upon the shape or size of the
particular specimen, and from a knowledge of these constants p can be computed for any tem-
perature by the above equation. Unfortunately neither ¢ nor b is very convenient as a figure of
merit for the material, since a slight error in either will greatly affect the value of the other,
It is, therefore, advantageous to compute for each material p500 which is the resistivity of the
material at 500° C. Another very convenient figure of merit is the temperature at which the
material has a definite resistivity of 1 megohm per centimeter cube., This can be computed
by the equation

| T, = ¢ - 6
This value is given in the reports of this bureau for each material tested and is the most satis-
factory criterion of its value as an insulator at high temperature.

An interpretation of the fact that the results as thus plotted give a straight line can be
obtained by considering that the conductivity increases with temperature according to the law
of compound interest, at a rate of about 2 per cent per degree Centigrade. This rate is oqual
t0 2.3 X bfor each material. The cumulative effect of the compounding is such that an inerease
in temperature of 100° corresponds in the average material to an increase of the conductivity
by 600 per cent.

The following table gives some typical results obtained by this method:

¢, b, Te. P 500,
QUALLZ. ¢ ceiriceenanonaneacnesmrennncncansonana] - 11.8 0.0065 890 340 x10¢
Best porcela.m =T RN 1.2 . 0068 700 80
Typical miea PIUg...ocouvinreninincnannonene 12.1 . 0085 720 70
Average of three aviation poreeleins. .......... 1L.5 0085 650 40
Average automobile poreelain................. 10.2 00835 490 0. 80

A material having T, less than 400° C. should not be used unless the design of the plug is
such-as to keep the insulator well cooled. An assembled plug having less than 0.5 megohm
resistance at 400° C. should be considered unsatisfactory.

RESISTANCE TO THERMAL CRACKING.

The quenching test is intended to indicate the ability of the insulating material to resist
eracking due to steep temperature gradients. The insulators with the shell and central electrode
removed are brought to a uniform temperature of 300° C. in a small furnace and then quenched
in water at room temperature and examined for cracks by soaking for several hours in an
alcoholic solution of the dye eosin. The specimen is then broken to determine the depth of
the cracks. The cracks developed by this test seldom extend entirely through the specimen so
that an electrical test is not as satisfactory for indicating them as is the use of the penetrating
stain. Practically all insulators will show some cracks when quenched from 300° C. but the
number and depth of the cracks varies very greatly among different specimens and the test
gives a qualitative basis for the comparison of different materials.

TEST FOR GAS TIGHTNESS.

Gas tightness is determined by screwing the completed plugs into a steel bomb and admit-
ting air at a pressure of 225 pounds per square inch to the interior. By the use of lead washers
in place of the usual copper-asbestos gaskets a tight joint can be secured between the plug and
the bomb. The entire bomb is then immersed in a tank of oil which serves to show the leakage
by the resulting bubbles. The oil is heated to 150° C. and consequently heats the plugs and
develops leaks which may arise under operating conditions due to the differential thermal
expansion of different parts of the plug. The actual amount of gas leaking out is measured
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by means of a Pyrex glass tube 5 cm. (2 inches) in diameter at one end and 1 em. (0.4 inch) a3
the other, which is graduated at intervals of about 5 mm. (0.2 inch). The large end is slipped
over the plug and the oil drawn up in the tube above the highest graduation and the upper end
of the tube then closed. As air leaks through the plug the oil level falls and the time required
for it to fall between two calibrated marks is observed with a stop watch. This gives, by
division, the actual Ieakage in cubic centimeters per second taking place. A leakage greater
than 0.2 c. ¢. (0.01 cubic inch) per second should be considered excessive. The apparatus used
is indicated in figure 6.
. RESISTANCE TO MECHANICAL SHOCEK.

The shock test is intended to show the resistance of the plug to mechanical breakage from
the shock and vibration of the engine. Completed plugs are screwed firmly into the sides of a
steel block 6 by 6 by 9 cm. (2.4 by 2.4 by 8.5 inches) which is carried on the end of an arm 24 cm.
(9.5 inches) long as sketched in figure 7. By means of a pair of cams revolving at about 300
revolutions per minute, this block is raised 19. mm. (0.75 inch) and allowed to fall upon a
hardened steel rail. A pair of tension springs assists in pulling the block downward and give
it a velocity of about 200 em. per second (6.7 feet per second) at the instant of impact. The
total number of blows is recorded by a counting mechanism and the plug is inspected at frequent
intervals. The number of impacts delivered before the plug is cracked or otherwise mechanically
damaged is taken as the measure of its performance. A good plug should withstand 25,000
blows in this machine without failure.

DIELECTRIC STRENGTH.

The dielectric strength test indicates the voltage required to puncture the insulator while
cold and has proved useful in eliminating poor or defective insulators. Itis applied to insulators
with the central electrode in position but with the shell removed. One secondary terminal of a
step-up transformer is connected to the central electrode and the other terminal to a metal
band approximately 10 mm. (0.4 inch) wide wrapped around the outside of the insulator.
The whole is then immersed in oil at room temperature. Alternating voltage of commercial
frequency is applied to the primary of the transformer and gradually increased until an effective
voltage of 25,000 is reached. The insulation should withstand this voltage for two minutes
without puncture. In short insulators a spark may pass over the surface of the insulator
through the oil at voltages somewhat below 25,000. Such flashovers may sometimes be avoided
by carefully rinsing the surface of the insulator with gasoline, and in any event should not be
considered as a failure. '

VIL. Engine fest.—Spark plugs intended for use in a particular type of engine should, if
possible, be tested in an engine of this same type. For general testing, the plugs are run in a
modern aviation engine having a ratio of total cylinder volume to clearance volume not less
than 5.3 to 1, preferably driving a propeller or a club. The engine is run at full power for a
total period of six hours with not more than three interruptions, and is then run one hour
throttled down to about 400 revolutions per minute. If the engine has two plugs per cylinder,
either the plugs to be tested are put in both sides or, if the number of samples is insufficient,
the plugs are moved in the middle of the test so as to be run for about half the time in each
location. The temperature of the cooling water leaving the engine is maintained between
65° C. and 70° C. (149° to 158° F.). The temperatures of the oil in the crank case, of the
cooling water, and of the surrounding air are recorded, together with the average power devel-
oped and the oil and fuel consumption. At intervals, each ignition system is cut off to indicate
migsing in the other set of plugs, and any misfiring or preignition due to the plugs is noted.
The plugs are examined at the end of the run to determine if any corrosion or warping of the
electrodes, as shown by a change in the length of the gap, fouling with carben, eracking of the
insulator, or other defect occurred. The plugs are also subjected to the test for gas tightness
‘both before and after the engine tests, and if cracking of the porcelain is suspected the insu-
lators are removed from the shells and soaked in an alcgholic solution of eosin to indicate any
cracks which may exist, o



